Background-Simple conceptual ideas about cardiac resynchronization therapy assume that biventricular (BiV) pacing results in collision of right and left ventricular (LV) pacing-derived wavefronts. However, this concept is contradicted by the minor reduction in QRS duration usually observed. We investigated the electric mechanisms of cardiac resynchronization therapy by performing detailed electric mapping during extensive pacing protocols in dyssynchronous canine hearts. Methods and Results-Studies were performed in anesthetized dogs with acute left bundle-branch block (LBBB, n=10) and chronic LBBB with tachypacing-induced heart failure (LBBB+HF, n=6). Activation times (AT) were measured using LV endocardial contact and noncontact mapping and epicardial contact mapping. BiV pacing reduced QRS duration by 21±10% in LBBB but only by 5±12% in LBBB+HF hearts. Transseptal impulse conduction was significantly slower in LBBB+HF than in LBBB hearts (67±9 versus 44±16 ms, respectively), and in both groups significantly slower than transmural LV conduction (≈30 ms). In both groups QRS duration and vector and the epicardial AT vector amplitude and angle were significantly different between LV and BiV pacing, whereas the endocardial AT vector was similar. During variation of atrioventricular delay while LV pacing, and ventriculo-ventricular delay while BiV pacing, the optimal hemodynamic effect was achieved when epicardial AT and QRS vectors were minimal and endocardial AT vector indicated LV preexcitation. 
I
n heart failure patients with abnormal ventricular conduction, cardiac resynchronization therapy (CRT) improves left ventricular (LV) systolic pump function, reverses adverse LV remodeling, and clinical symptoms and outcome. 1, 2 Beneficiary effects of CRT are generally considered to act through decreasing dispersion of LV activation by fusion or collision of activation wavefronts migrating from the LV and right ventricular (RV) pacing electrodes.
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At first sight, this logical concept is, however, violated by multiple observations. First, if during left bundle-branch block (LBBB) LV activation occurs from the septum to the free wall and during biventricular (BiV) pacing from both sides to each other, one would expect a decrease in electric activation of ≈50%. However, BiV pacing reduces QRS duration by less than 20%. 3 Second, single-site LV pacing at a short atrioventricular (AV) interval is known to increase QRS duration but provides a similar acute and chronic effect to conventional BiV pacing. 4 Also, multiple clinical trials failed to show a different effect on cardiac function, mortality, and hospitalization between single-site LV pacing and BiV pacing. 2, 5, 6 These data indicate that there is still limited understanding of the mechanism of CRT. One of the complicating factors in understanding CRT is the conduction velocity in the various parts of the ventricular wall, which is assumed to be uniform in the abovementioned concept. In a large group of patients, activation times (AT) across the septum ranged from almost 0 to >100 ms. 7 Septal conduction is difficult to measure and it is not clear how it would influence the effect of the various pacing modes.
The aim of the present study was to investigate the electrophysiological mechanisms underlying the hemodynamic effects of CRT in canine hearts with LBBB, all or not in combination with heart failure. To this purpose, we related the hemodynamic effects of CRT with detailed electric activation measurements during various pacing modes.
Methods
Animal handling was performed according to the Dutch Law on Animal Experimentation and the European Directive for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes (86/609/EU). The protocol was approved by the Experimental Animal Committee of Maastricht University.
Experimental Setup
The experiments were performed on 16 adult mongrel dogs of either sex and unknown age that had a weight of 29±3 kg. Animals were induced by intravenous pentothal administration and anesthetized by continuous infusion of midazolam (0.25 mg/kg per hour) and sufentanyl (3 µg/kg per hour). During sterile surgery, LBBB was induced by radiofrequency ablation. 8 Two distinct groups were created: dogs with acute LBBB (n=10) and dogs with chronic LBBB and heart failure (LBBB+HF, n=6). Heart failure was induced by 4 weeks of tachypacing (right atrium and RV apex) and monitored by weekly echocardiography. 9 Because the LBBB+HF model was regarded as the closest equivalent to CRT patients, AV/ventriculo-ventricular (VV) optimization was also performed in this group.
A pacing lead was transvenously inserted into the right atrium. After thoracotomy, >100 contact electrodes were placed around the heart and through the myocardial wall (see Figure 1 for experimental setup). [9] [10] [11] [12] An octapolar electrode-catheter (Daig Livewire TC, Minnetonka, MN) was used for septal mapping and RV apical pacing. LV endocardial noncontact mapping (EnSite 3000) was performed in 6 LBBB and 6 LBBB+HF dogs. Noncontact mapping analysis and validation is described in the online-only Data Supplement. Examples of matched noncontact and contact electrograms used for validation are shown in Figure 1 . One 7-F catheter-tip manometer (CD-Leycom Zoetermeer, the Netherlands) was used to measure RV pressure, whereas a 7-F combined catheter-tip manometer and conductance catheter was used to measure LV pressure and volume.
Pacing Protocol
Recordings of baseline atrial pacing and LV/BiV pacing (DDD, at an AV interval ensuring full capture) included 2 respiratory cycles, were performed at a rate ≈10 beats per minute above the intrinsic sinoatrial rate, and were commenced after ≥20 beats to allow for steady-state measurements. To investigate the behavior of electric propagation wavefronts more extensively, the LV was also stimulated at anterior and posterior regions. CRT optimization was performed in the LBBB+HF group through LV lateral wall pacing at increasing AV intervals (30-250 ms). Sequential BiV pacing was then performed at the optimal AV interval from 90 ms LV preexcitation to 90 ms RV preexcitation.
Measurements of Vectorcardiography, Electric Activation, and Hemodynamics
The surface ECG was used to calculate QRS duration and maximal QRS vector amplitude (VA QRS ). 13 The VA QRS value halfway from LBBB and LV pacing at a short AV interval has been shown to predict maximal contractility response during AV/VV optimization. 13 For cardiac mapping electrograms, local depolarization times were calculated as the time difference between onset of the Q-wave (during baseline) or ventricular pacing artifact and the time of steepest negative deflection. Using custom MATLAB software (MathWorks, Natick, MA), the depolarization times were plotted on corresponding anatomic locations and on matched interpolated models. 12 AT were defined as the maximum depolarization time difference and were calculated for all electrodes and seperately for the endocardial LV (noncontact electrodes, endocardial contact electrodes, and septumto-free wall contact electrodes). In addition, transseptal conduction was calculated as earliest RV septal depolarization time during LV septal pacing. To express temporal and spatial asynchrony in more detail, AT vectors were calculated in the short-axis direction of the LV endocardium (ATV endo ) and LV and RV epicardium (ATV epi ).
14 Larger AT vector values indicate a greater electric asynchrony and the angle of the AT vector expresses the main direction of conduction (see the online-only Data Supplement for a detailed description). Mechanical interventricular dyssynchrony was determined as the time delay between normalized upslopes of simultaneously recorded LV and RV pressure curves. 8 Hemodynamic data analysis was performed as described previously.
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Statistical Analysis
Statistical analyses were performed using SPSS software version 18 (SPSS Inc). Continuous data were presented as mean±standard deviation, and discrete variables as counts and percentages. A series of general linear regression models were used to compare pacing modes and experimental models for the several endpoints. To account for intraindividual correlation of measurements (panel data), HuberWhite robust standard-errors were calculated. In case of significant overall differences, the level of significance for specific comparisons was calculated using Wilcoxon signed-rank test or Mann-Whitney U test for dependent and independent observations, respectively. No adjustments were made for multiple comparisons. Correlations were evaluated with Pearson correlation coefficient. A P value <0.05 was considered statistically significant.
Results
In the LBBB+HF group, LV ejection fraction decreased from 56±6% at baseline to 15±2% after 4 weeks of rapid pacing. LVdP/dt max was almost 50% lower in the LBBB+HF than in the acute LBBB group (P<0.05 for both comparisons).
Effects of Pacing on Conduction
For all LBBB hearts, QRS duration was ≈120 ms, which was significantly increased by LV pacing. BiV pacing reduced QRS duration by 21±10% in the LBBB hearts, but only by 5±12% in the LBBB+HF hearts (P<0.05 for both comparisons; Figure 2 ). Figure 3 shows examples of electrode depolarization times plotted at corresponding anatomic locations (top) and on interpolated models (bottom). During LBBB (left), the electric wavefront originated in the RV and slowly propagated through the interventricular septum toward the basolateral wall of the LV. During LV pacing (middle), activation of the RV side of the septum and the RV free wall was delayed, whereas during BiV pacing (right), 2 wavefronts are visible. However, the LV endocardial electric activation pattern was similar during LV and BiV pacing ( Figure 3) .
The reduction in QRS duration by BiV pacing was mainly attributable to a more homogeneous epicardial depolarization as both contact and noncontact mapping showed that LV endocardial AT did not decrease during BiV pacing (Table I in the online-only Data Supplement). This is further substantiated by LV endocardial depolarization times at the septum and the opposing free wall as shown in Figure 4 . During both LV and BiV pacing, the LV septal endocardium was activated consistently later than the LV free wall. This finding is explained by measurements of true transseptal conduction, as measured during LV septal pacing. Transseptal AT was significantly longer than transmural free wall conduction time.
Moreover, in the LBBB+HF group, transseptal conduction was ≈50% more delayed than in the acute LBBB group (67±9 versus 44±16 ms, respectively; P=0.02). This transseptal conduction slowing occurred despite the fact that the septum was significantly thinner in the LBBB+HF than in the LBBB hearts as measured by M-mode echocardiocraphy (0.86±0.12 versus 1.31±0.09 cm; P<0.05). A significant inverse correlation was observed between transseptal conduction time and the percentage reduction in QRS duration (R=0.61, P<0.05).
Epicardial and Endocardial Activation Vectors
Typical examples of ATV epi and ATV endo are shown in Figure 5 . During baseline LBBB, ATV endo and ATV epi point away from the early activated septum toward the late activated LV free wall (≈180 o ), indicating predominant RV-to-LV conduction. By pacing the LV lateral wall, the AT vectors shifted away from this region and pointed toward the RV. During simultaneous BiV pacing, ATV epi angle and amplitude were in-between those for LBBB and LV pacing. However, ATV endo angle and amplitude were comparable for BiV and LV pacing. Figure 6 shows that the switch from LV pacing to BiV pacing caused clear changes in the direction of the ATV epi angles, but not for ATV endo angles. The latter is also expressed by the high correlation between ATV endo during LV and BiV pacing (LBBB: R 2 =0.76; LBBB+HF: R 2 =0.91; P<0.05 for both correlations).
Hemodynamic Effects of Pacing
Both BiV and LV pacing resulted in a significant improvement in LVdP/dt max compared with baseline atrial pacing (P<0.05; Figure 2 ). BiV pacing resulted in a larger LVdP/dt max increase than LV pacing (P<0.05) in the LBBB dogs. In the LBBB+HF group, BiV pacing and LV pacing both resulted in ≈21% increase in LVdP/dt max (P=N.S. between BiV and LV pacing). Figure 7 presents examples of electric maps made during LV pacing at various AV intervals. At an AV interval of 70 ms, the activation was entirely dominated by LV pacing, resulting in large ATV endo and ATV epi amplitudes. At an AV interval of 130 ms, intrinsic activation through the right bundle branch caused synchronous activation of the RV, resulting in a minimal ATV epi amplitude of 9 ms. However, at this AV interval, ATV endo amplitude was not changed yet, because of the lack of transseptal breakthrough. This breakthrough occurred at the AV interval of 170 ms where ATV endo amplitude was minimal. Conversely, at this AV interval, the intrinsic wavefront fully activated the RV and a large part of the anterior and posterior wall of the LV, thereby increasing ATV epi to 38 ms. At an AV interval of 210 ms, LV capture was lost entirely resulting in a LBBB activation pattern. Figure 8A displays the changes in ATV epi , ATV endo , and vector amplitude of the QRS complex of the surface ECG (VA QRS ) during pacing at various AV intervals (during LV-only pacing) and VV intervals (during BiV pacing). The optimal LVdP/dt max consistently occurred at an interval where ATV epi and VA QRS were at values halfway between those during LBBB and LV pacing, supporting data from a previous study. 13 During AV optimization, the average interval offset was 2±11 ms for VA QRS and −9±24 ms for ATV epi (P=N.S. for both comparisons). During VV optimization, maximal response was predicted with an offset of −4±9 ms for VA QRS and 2±8 ms for ATV epi (P=N.S. for both comparisons). In contrast, halfway ATV endo vector amplitudes occurred during longer AV intervals and during RV preexcitation (in VV optimization). Figure 8B shows that for all AV and VV optimizations there was a significant difference between the optimal AV/VV interval and the AV/VV interval resulting in minimal ATV endo amplitude. Although these ATV endo values were derived from noncontact mapping, similar findings were obtained using septum and lateral wall plunge electrodes. Figure II in the online-only Data Supplement shows the values of LVdP/dt max , programmed A-LV interval, ATV epi , ATV endo , and VA QRS during LBBB, LV pacing at short AV interval, optimal AV interval, and optimal VV interval. Optimizing the AV interval during LV pacing resulted in an average LVdP/dt max increase to ≈26% above baseline LBBB (P<0.05 as compared with baseline and LV pacing at short AV interval). Optimizing the VV interval increased LVdP/dt max to ≈33% above baseline LBBB (P<0.05 as compared with baseline and simultaneous BiV pacing).
AV and VV Optimization
Discussion
The findings of the present animal study shed new light on the electric mechanisms of CRT. For the first time it is demonstrated that BiV pacing does not result in collision of pacinginduced wavefronts in between the septum and the LV free wall due to slow transseptal conduction. Septal conduction is slower than LV transmural conduction in hearts with acute LBBB and even more prolonged in failing LBBB hearts. Slow septal conduction is associated with a relatively small reduction in QRS duration by BiV pacing, as seen in clinical CRT trials. 3 Optimal hemodynamic CRT response during LV fusion or sequential BiV pacing is achieved under conditions where epicardial RV+LV asynchrony is minimal, which coincides with a left-to-right activation of most of the LV wall.
Slow Transseptal Conduction
Information about transseptal conduction in LBBB hearts in the literature is scarce, because most electric mapping studies measure either the epicardium or the endocardium. Vassallo et al 15 measured transseptal conduction by determining the time from onset of Q-wave to LV breakthrough during catheter mapping, whereas Auricchio et al 16 used BiV contact mapping. These investigators showed a wide range of transseptal conduction times in patients, from almost 0 to ≈100 ms. Interestingly, there seems to be a separation between 30% of this patient population with very short and 70% with long transseptal conduction times. 16 The long transseptal conduction times observed seem to be in line with the delayed septal conduction found in dogs with proximal LBBB. Importantly, we show that conduction in the septum slows down further during 4 weeks of dyssynchronous heart failure. As for the possible cause of this transseptal conduction slowing, factors such as ischemia and hypertrophy are unlikely to play a role in the tachypacing model. A possible explanation for slow septal conduction may be a more vertical orientation of the laminar sheets with myocytes, as demonstrated by Helm et al 17 in the same dyssynchronous heart failure model. Preliminary results from our laboratory show that in 7 dogs with 4 months of LBBB and normal sinus rhythm, endocardial LV septum AT during BiV pacing were similarly increased as in the LBBB+HF group. This suggests that slow transseptal conduction may be related with longer-lasting asynchrony, rather than tachypacing-induced dilation. Spach et al 18 observed that cell-cell delay increases with decreasing cell diameter, a situation that occurs in the early activated regions of dyssynchronous hearts (in our case, the septum). 19 Data in the literature on a possible role of remodeling of ion channels, such as connexins and sodium channels, on slowing of septal conduction are scarce. This is primarily due to the fact that only the LV lateral or anterior wall was investigated. 20, 21 An article reporting on RV and LV samples showed no significant change in Cx43 and SCN5A expression in RV-paced rabbits (comparable with LBBB) as compared with control rabbits. 22 The present findings on transseptal conduction may explain several hemodynamic aspects of CRT. First of all, several patient studies and data derived from a canine model of dyssynchronous heart failure showed that LV and BiV pacing may have the same hemodynamic benefits. 2, 5, 6, 23 Findings in this study may also explain the paradoxical findings by Leclercq et al, 23 who showed that in an animal model similar to our LBBB+HF model, LV and BiV pacing results in similar pump function and even regional mechanics despite a dyssynchronous electric activation. The mismatch between their electric and mechanical measurements may be explained by the fact that local strains can be considered as an average of transmural mechanics, whereas electric dyssynchrony was measured exclusively at the epicardium. Slow septal conduction causes, under several conditions, a dissociation between epicardial and endocardial conduction patterns as illustrated by the changes in ATV epi , but not ATV endo , when comparing LV pacing with BiV pacing. The observation that the changes in ATV epi correspond with those in the QRS vector of the surface ECG indicates that the latter mainly represents epicardial electric phenomena.
The fact that LV and BiV pacing at a relatively short AV interval provide a similar increase in pump function does not mean that this is the maximal improvement to be achieved. The present study shows that the largest hemodynamic improvement is achieved during optimal interventricular resynchronziation, coinciding with LV preexcitation, which agrees with earlier observation in our canine model and clinical studies. 4, 12, 24 
Potential Clinical Implications
The main implication of the present study is that it provides a mechanism why contribution of RV pacing in simultaneous BiV pacing is negligible. This has already been suggested during fusion LV pacing, but it may also hold for LV pacing at shorter AV intervals, especially in failing hearts. The present study shows that the BiV epicardium and LV endocardium may contain considerably different electric information. Although detailed LV endocardial mapping unravels similarities between pacing modes, epicardial mapping seems to provide more useful information in CRT optimization. This is important in the light of the increasing use of endocardial mapping 16, 25 and ECG imaging for epicardial mapping. 26, 27 In addition, further support is provided that morphology of the QRS complex of the surface ECG is determined primarily by epicardial electric phenomena. This finding is important also for practical reasons because ECG vectorcardiography and ECG imaging are noninvasive, low cost, and widely available.
Limitations
A limitation of this study is that it was performed in canine hearts and, therefore, should be extrapolated to the situation in patients with caution. However, in the decade that this model exists, 8 several principles of CRT have been proven applicable to patients, such as the remodeling processes both at the tissue 28 and the molecular 29 level and optimization of AV and VV delays. 4 Due to the smaller heart size in dogs, there are quantitative differences between the dog and human heart, but the qualitative effects may well apply to the human heart. This study investigated acute hemodynamic improvement although these effects may not (completely) translate into chronic outcome. 30 However, the GREATER-EARTH trial reported no differences in reverse remodeling between pacing modalities after 6 months, suggesting that acute similarities may persist into the chronic phase. 
Conclusions
Through simultaneous endocardial and epicardial electric mapping in dyssynchronous canine hearts, we established that transseptal conduction in LBBB hearts is slow, especially in failing hearts. Due to this slow transseptal conduction, BiV pacing does not result in collision of RV and LV pacinginduced wavefronts within the LV wall, and the LV activation sequence is not different between LV and BiV pacing. Optimal hemodynamic CRT response is achieved when interventricular asynchrony is minimal, which coincides with LV preexcitation.
